About 20 members of the protein-disulfide isomerase (PDI) family are present in the endoplasmic reticulum of mammalian cells. They are thought to catalyze thiol-disulfide exchange reactions within secretory or membrane proteins to assist in their folding or to regulate their functions. PDIp is a PDI family member highly expressed in the pancreas and known to bind estrogen in vivo and in vitro. However, the physiological functions of PDIp remained unclear. In this study, we set out to identify its physiological substrates. By combining acid quenching and thiol alkylation, we stabilized and purified the complexes formed between endogenous PDIp and its target proteins from the mouse pancreas. MS analysis of these complexes helped identify the disulfide-linked PDIp targets in vivo, revealing that PDIp interacts directly with a number of pancreatic digestive enzymes. Interestingly, when pancreatic elastase, one of the identified proteins, was expressed alone in cultured cells, its proenzyme formed disulfide-linked aggregates within cells. However, when pancreatic elastase was co-expressed with PDIp, the latter prevented the formation of these aggregates and enhanced the production and secretion of proelastase in a form that could be converted to an active enzyme upon trypsin treatment. These findings indicate that the main targets of PDIp are digestive enzymes and that PDIp plays an important role in the biosynthesis of a digestive enzyme by assisting with the proper folding of the proenzyme within cells.
Disulfide bonds, formed by oxidation of two cysteines, are important structural features of a great number of secretory and membrane proteins (1) . In eukaryotes, formation of disulfide bonds in these proteins is mostly catalyzed by enzymes belonging to the protein-disulfide isomerase (PDI) 2 family. The members of this protein family are characterized by the presence of one or more thioredoxin-like domains and their localization to the ER. The thioredoxin-like domain often, but not necessarily, has a CXXC active-site motif (cysteines separated by two amino acids) (2) .
The two cysteines in the active-site motifs of PDI family members are mostly redox-active. They can exist in an oxidized (disulfide-bonded) or reduced (free) form. Most PDI family members use their redox-active cysteines to introduce, reduce, or isomerize disulfide bonds, leading to the formation of disulfide bonds between correct pairs of cysteine residues (2, 3) . The latter two reactions, in particular, are thought to be required for correcting disulfide bonds formed between incorrect pairs of cysteines (4, 5) . Importantly, the functions of PDI family members are not limited to the catalysis of oxidative folding. For example, ERdj5 can promote the ER-associated degradation of misfolded proteins that arise in the ER by cleaving disulfide bonds in the proteins, which is thought to be required for the efficient retrotranslocation of the proteins from the lumen of the ER and their subsequent degradation by proteasome in the cytosol (6, 7) . Recent results suggest that some PDI family members participate in the regulation of ER stress response or Ca 2ϩ homeostasis by modulating the redox status of ER stress sensors or Ca 2ϩ pumps, leading to their activation or inactivation (8 -10) . More recently, PDI has been reported to contribute to the regulation of coagulation that takes place outside of cells (11) .
In the ER of mammalian cells, there exist ϳ20 PDI family members (2, 12) . They are supposed to play some roles within or outside of cells by modulating biological processes often through their redox activities. However, the physiological functions of some members still remain largely unknown (2, 12) . One way to reveal their functions is to find their physiological substrates (4, (13) (14) (15) (16) .
PDIp was discovered as a PDI family member that is specifically expressed in the pancreas (17) . Later studies revealed that it is also expressed, although in smaller amounts, in tissues including the stomach and small intestine (18) . In vitro, PDIp exhibits both thiol-disulfide exchange activity (17) and chaperone activity (19, 20) . Moreover, PDIp can bind estrogen both in vitro and in vivo, suggesting that one of the functions of PDIp is to bind and store estrogen (21) . However, our knowledge about physiological functions of PDIp is very limited.
Here, we show that PDIp interacts with a number of digestive enzymes via intermolecular disulfide bonds and can prevent the formation of the disulfide-linked aggregates of one of the identified proteins. These findings led to our proposal that another important function of PDIp is to assist in the production of digestive enzymes.
Results

Strategy to identify the substrates of PDIp
PDIp possesses four thioredoxin domains, two of which have a CXXC active-site motif (Fig. 1A) (19, 20) . Thiol-disulfide exchange reactions catalyzed by PDI family members proceed through a disulfide-linked intermediate formed between the enzyme and its substrate (Fig. 1B) . Stabilization and purification of the intermediate complexes that arise in mammalian tissues and subsequent MS analysis of the proteins contained in the complexes may lead to the identification of the in vivo substrates of the enzyme.
To stabilize the disulfide-linked complexes between PDIp and its putative substrates that form in vivo, we disrupted mouse tissues in the presence of 10% TCA using a homogenizer immediately after excising the tissues from a mouse (Fig. 1C ). We used this method because protonation of thiols of free cysteines by strong acid rapidly quenches thioldisulfide exchange reactions in tissue samples (15) . This acid-quenching step was followed by alkylation of free cysteines with N-ethylmaleimide (NEM), leading to the stabilization of the complexes.
Disulfide-linked complexes containing PDIp are abundant in digestive tissues
To detect PDIp and disulfide-linked complexes containing this enzyme, the NEM-treated tissue lysates were separated by SDS-PAGE under nonreducing conditions and subjected to immunoblotting with an antibody to PDIp ( Fig. 2A) . A band corresponding to the monomeric form of PDIp was observed at ϳ65 kDa. In addition to this band, a large number of bands of different apparent molecular masses were detected in the stomach and pancreas ( Fig. 2A , lanes 11 and 12, vertical lines). We suggest that the latter bands represent disulfide-linked complexes containing PDIp for three reasons. First, they ran slower than the monomeric form of this protein. Second, when the samples were treated with the sulfhydryl-reducing reagent, DTT, these bands were reduced ( Fig. 2B ). Finally, when the NEM-treated pancreatic lysate was separated by two-dimensional electrophoresis in which the first dimension was nonreducing and the second was reducing, we detected several spots at ϳ65 kDa in the second dimension using the anti-PDIp antibody ( Fig. 2C ). Because PDIp in the spots indicated by a horizontal line migrated slower than monomeric PDIp in the first dimension, PDIp in these spots likely originated from disulfidelinked complexes containing PDIp (Fig. 2C) .
Interestingly, the monomeric form of PDIp and/or complexes containing PDIp were observed in tissue samples prepared from digestive organs including the pancreas, stomach, and small intestine ( Fig. 2A, lanes 11-13) . Among the tissues, PDIp was most abundant in the pancreas (Fig. 2 ), in agreement with former publications (17, 18) . Detection of disulfide-linked complexes of various sizes containing this protein indicates that PDIp interacts with a variety of proteins via a disulfide bond ( Fig. 2A, lanes 11 and 12) .
Purification and identification of disulfide-linked partners of PDIp from pancreas
To identify the physiological substrates of PDIp, we purified PDIp-containing complexes from the pancreas, because the complexes were most abundant in this tissue. For this purpose, the NEM-treated lysate of pancreas was subjected to immunoprecipitation with the antibody to PDIp (Fig. 3A) . After washing the immune complexes, the monomeric form of PDIp and the complexes containing PDIp were released from the immune complexes by incubating them in Laemmli sample buffer. As a control, immunoprecipitation was also performed using IgG from normal mouse serum. The released proteins were then separated by nonreducing SDS-PAGE and detected by silver staining (Fig. 3B ). The monomeric form of PDIp was purified by the antibody to PDIp but not by the control IgG, confirming that the control IgG does not pull down PDIp (Fig. 3B ). Some of Note that each reaction is mediated by the attack on a disulfide by a thiolate anion (not shown). Thus, a thiol group of the attacking cysteine must be deprotonated for the reactions to take place. Therefore, strong acid quenches the reactions, resulting in the transient stabilization of the disulfide-linked complexes. C, stabilization of the disulfide-linked intermediates that arise in a mouse tissue.
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the bands in the area indicated by a vertical line in lane 2 (marked by arrowheads) were specific to the immunoprecipitate obtained with the antibody to PDIp and ran slower than the monomeric form of PDIp. Thus, they may represent the disulfide-linked complexes containing PDIp. In contrast, a few bands were specific to the sample purified with the antibody to PDIp but ran faster than the monomeric form of PDIp (Fig. 3B , lane 2), likely representing proteins that interacted with PDIp noncovalently. To identify the disulfide-linked partners of PDIp, we cut off the area of the gel lane (Fig. 3B , lane 2, vertical line), performed in-gel digestion with trypsin, and identified the digested polypeptides by MS. To specify the potential binding partners of PDIp, the same analysis was performed using normal IgG as a negative control, and any proteins thus identified were excluded from the list of potential partners of PDIp ( Table 1) .
Characteristics of the proteins identified by mass spectrometry analysis
The identified proteins are those that reside in the ER or those on the secretory pathway. In addition, each of them contains at least one cysteine. Thus, they can be the substrates of PDIp or the regulator of the function of PDIp. The identified proteins can be categorized into four groups: PDI family members, PDI oxidases, digestive enzymes and their regulators, and coagulation factors. Among them, PDI family members and PDI oxidases were excluded from further analysis, as they can be functional regulators or collaborators of PDIp rather than the substrates of this enzyme (see "Discussion").
Coagulation factors including fibrinogens (Table 1) , produced mainly in the liver, were also excluded from further analysis because PDIp may have interacted with them artificially during the tissue sample preparation because of their high abundance in the blood (22) and the high reactivity of their cysteine to PDI (16) . In this connection, we previously detected A and B, NEM-treated tissue lysates were separated by SDS-PAGE and analyzed by immunoblotting with mouse mAb to PDIp. Each lane contains 5 g of proteins from the indicated tissue. In B, the samples were reduced (R) with 50 mM DTT before electrophoresis. The positions of molecular mass standards are indicated on the left in kDa. The position of the monomeric form of PDIp is indicated on the right. Also indicated on the right is the position of IgG, which was contained in the blood of each tissue and was stained by the secondary antibody to mouse IgG when separated under nonreducing (NR) conditions. Disulfide-linked complexes involving PDIp are indicated on the right of each lane by vertical lines in A. S. muscle, skeletal muscle; S. gland, submandibular gland; S. intestine, small intestine; L. intestine, large intestine. C, proteins from a NEM-treated mouse pancreas lysate were separated by nonreducing-reducing two-dimensional SDS-PAGE and analyzed by immunoblotting with mouse mAb to PDIp. NEM-alkylated proteins were first separated on a nonreducing 10% SDS-polyacrylamide gel prepared with spacers that have a thickness of 0.75 mm. The gel lane was cut out, incubated at 80°C for 10 min in Laemmli SDS sample buffer containing 5% ␤-mercaptoethanol, and layered on top of the second-dimension gel prepared using spacers with a thickness of 1 mm. The gel was run for a longer time for better separation in the first dimension. After electrophoresis, the proteins were transferred onto an Immobilon-P membrane and detected using mouse mAb to PDIp. The positions of marker proteins are indicated on the top and left in kDa. The position of the monomeric form of PDIp is indicated on the right. 
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the product of artificial interaction between DsbA, a bacterial periplasmic disulfide bond-introducing enzyme, and EF-Tu, an abundant cytoplasmic protein with a highly reactive cysteine (23) . Whether or not the observed interactions between PDIp and coagulation factors represent artificial ones remains unclear and requires detailed study.
PDIp is expressed in pancreatic exocrine acinar cells but not in endocrine islet cells
There are two types of secretory cells in the pancreas: exocrine acinar cells that produce digestive enzymes, and endocrine islet cells that produce hormones such as insulin and glucagon. Our MS analysis detected a variety of digestive enzymes but not hormones (Table 1) , which implies that pancreatic hormones may not be the substrates of PDIp. Notably, former immunofluorescence analysis suggested that PDIp is expressed in the acinar cells of the pancreas (18, 24) . To further study the localization of PDIp in the pancreas by immunoblotting, we separated pancreatic acinar and islet cells from the mouse pancreas and analyzed the distribution of PDIp using the antibody to PDIp. PDIp was clearly detected in the acinar cells (Fig. 3C, lane 1) , but not in the islet cells (lane 2). Taken together, these results unambiguously show that PDIp is specifically expressed in the exocrine cells in the pancreas. This finding explains well our failure to detect pancreatic hormones in our MS analysis.
PDIp interacts with ␣-amylase or proenzymes of pancreatic proteases via an intermolecular disulfide bond(s)
To further test the interaction between PDIp and the identified proteins, we immunoprecipitated PDIp with the antibody to PDIp from the NEM-treated pancreatic lysate. The immunoprecipitates were then subjected to immunoblotting with an antibody to pancreatic ␣-amylase. Separation of the immunoprecipitates under nonreducing conditions detected several bands (Fig. 4A , lane 3, closed arrowheads). For the following reasons, these bands likely represent disulfide-linked complexes formed between PDIp and ␣-amylase. First, these bands were specifically immunoprecipitated by the anti-PDIp antibody and detected by the anti-␣-amylase antibody (Fig. 4A,  lanes 2 and 3) . Second, when the samples were reduced with DTT before electrophoresis, these bands disappeared, giving rise to a band corresponding to the reduced form of ␣-amylase ( Fig. 4A, lanes 3 and 6) . Thus, PDIp interacted with ␣-amylase via an intermolecular disulfide bond(s). Among the disulfidelinked complexes, the smallest one (a faint band that ran at around 130 kDa) likely represents a heterodimer between PDIp and ␣-amylase because the apparent molecular masses of the complex correlate well with the sum of the molecular masses of these two proteins: 55 kDa for ␣-amylase and 65 kDa for PDIp. The other bands likely represent even higher-order complexes containing more than two proteins because they run slower than the presumed heterodimer. In a similar manner, we obtained evidence for disulfide-mediated interaction between The number of disulfides that are known to or deduced to form. Where not known, the number of total cysteine residues in the protein is given in parentheses.
Physiological substrates of PDIp
PDIp and chymotrypsinogen B (Fig. 4B ) or trypsinogens ( Fig.  4C ). Thus, PDIp interacts with ␣-amylase or proenzymes of pancreatic proteases via an intermolecular disulfide bond(s). We also studied interaction between PDIp and proelastase, a proenzyme of elastase (25) . Because of the low reactivity and high background of our anti-elastase antibody (Fig. S1C) , we failed to identify the products of interaction between proelastase and PDIp in the NEM-treated pancreatic tissue lysate.
Thus, to study the interaction between PDIp and proelastase, we inserted a c-Myc sequence in front of the ER retention signal of PDIp and fused a triple FLAG sequence (FLAG 3 ) to the C terminus of proelastase (encoded by CELA2A), and expressed them in HeLa cells. Then the cellular proteins were treated with TCA, alkylated with NEM, immunoprecipitated with an antibody to c-Myc, and detected with an antibody to FLAG (Fig. 4D,  lane 8) . When the immunoprecipitates were separated under 4). Note also that the antitrypsin antibody recognizes several pancreatic trypsin isoforms. Thus, we often detected two isoforms of trypsinogen in the samples from the pancreas (C, lanes 4 and 6). D-G, detection of interaction of PDIp with proelastase expressed in HeLa cells. D and E, HeLa cells were transfected with pTF006 and/or pON103 to express, as indicated, proelastase-FLAG 3 and/or PDIp-c-Myc and grown in DMEM supplemented with 10% FBS for 24 h. The cells were collected, alkylated with NEM, and subjected to immunoprecipitation with an antibody to c-Myc to purify complexes containing PDIp-c-Myc. The immunoprecipitates were separated by SDS-PAGE, and proelastase-FLAG 3 contained in the immunoprecipitates was detected with horseradish peroxidase-conjugated antibody to FLAG. Lanes 1-4 contained 0.03 g of NEM-treated cell lysate (Input). Lanes 5-8 contained immunoprecipitates obtained from 60 g of NEM-treated cell lysate. In E, proteins were reduced with 100 mM DTT before electrophoresis. The position of the monomer form of proelastase-FLAG 3 is indicated on the right. Also indicated on the right in D are the positions of complexes containing both PDIp-c-Myc and proelastase-FLAG 3 (closed arrowheads). A-E, the asterisk marks nonspecific bands. F and G, same as D and E except that the NEM-alkylated cell lysate was first subjected to immunoprecipitation with the antibody to FLAG and then to immunoblotting with the antibody to c-Myc.
nonreducing conditions, the anti-FLAG antibody specifically detected two bands at the position of monomeric proelastase-FLAG 3 (ϳ30 kDa) (Fig. 4D, lane 8) , indicating that PDIp-c-Myc can interact with proelastase-FLAG 3 noncovalently.
Interestingly, among the two monomeric proelastase-FLAG 3 bands observed at around 30 kDa ( Fig. 4, D and E, lanes 3 and 4) , the relative intensity of the lower band increased upon reduction of samples with DTT before electrophoresis ( Fig. 4 , compare lanes 3 and 4 in D with lanes 3 and 4 in E). This finding implies that a portion of the monomeric proelastase with the greater electrophoretic mobility observed under reducing conditions existed as disulfide-linked complexes under nonreducing conditions. The identities of these two bands will be discussed later.
Importantly, the same anti-FLAG antibody detected bands with apparent molecular masses greater than the monomeric form of proelastase (Fig. 4D, lane 8, closed arrowheads) . We suggest that they represent disulfide-linked complexes involving both proelastase-FLAG 3 and PDIp-c-Myc for the following reasons. First, these high-molecular mass bands (Fig. 4D, lane 8,  arrowheads) were specifically immunoprecipitated by the antic-Myc antibody and detected by the anti-FLAG antibody only when HeLa cells were expressing both PDIp-c-Myc and proelastase-FLAG 3 (Fig. 4D, compare lane 8 with lane 7) . Second, these high-molecular mass bands disappeared when the sample was treated with the reductant DTT before electrophoresis (Fig. 4, compare lane 8 in D with lane 8 in E), suggesting that they are disulfide-linked complexes. Finally, these high-molecular mass bands were also detected by the "anti-c-Myc" antibody when the same cell lysate was immunoprecipitated with the anti-FLAG antibody (Fig. 4F, lane 8) . Among them, a very faint band at ϳ100 kDa likely represents a disulfide-linked heterodimer formed between PDIp-c-Myc and proelastase as the apparent molecular mass of the protein band correlates well with the sum of the apparent molecular masses of PDIp-c-Myc (65 kDa) and proelastase-FLAG 3 (30 kDa).
Note that we also detected the monomeric form of PDIp-c-Myc when the NEM-alkylated lysate of cells expressing both proelastase-FLAG 3 and PDIp-c-Myc was immunoprecipitated by the anti-FLAG antibody (Fig. 4F, lane 8) , confirming that PDIp-c-Myc can interact with proelastase-FLAG 3 noncovalently. Thus, PDIp can interact with proelastase both noncovalently and covalently in HeLa cells. These results indicate that PDIp can interact with ␣-amylase, chymotrypsinogen B, trypsinogens, and proelastase via an intermolecular disulfide bond(s) within cells.
Role of PDIp in the production of proelastase
Among the interactors of PDIp, we decided to focus on proelastase in the following studies for two reasons. First, sensitive fluorogenic substrates are available for the measurement of elastase activity (30) . Second, although cellular proteins were denatured with TCA and alkylated with NEM in the presence of SDS before immunoprecipitation experiments, we observed both covalent and noncovalent interactions between PDIp and proelastase in the immunoprecipitation experiments (see above), suggesting tight functional association between the two proteins.
We first explored the role of PDIp in the biosynthesis of proelastase in cells. For this purpose, we looked at the effect of co-expression of PDIp on the production of proelastase in HeLa cells. This is because all of the tested pancreatic cancer cell lines have lost the ability to produce PDIp for unknown reasons (18) , making it impractical to study the role of PDIp in the biosynthesis of proelastase using these cell lines and knockdown experiments. Consistently, we failed to detect the expression of PDIp and pancreatic proteases including elastase in AR42J, a widely used pancreatic acinar cell line (Fig.  S1, A, C, D, and E) . In contrast, we detected ␣-amylase in AR42J (Fig. S1B) in agreement with the properties of this cell line (26, 27) .
Notably, when we expressed proelastase-FLAG 3 in HeLa cells, we observed two bands at the position of monomeric proelastase-FLAG 3 (ϳ30 kDa) (Fig. 5, A and B) , as we already mentioned in Fig. 4 . We suggest that the lower band represents proelastase whose signal sequence was processed, and the upper band represents proelastase whose signal sequence remained unprocessed for the following two reasons. First, the upper band migrated slower than the lower band on a standard SDS-polyacrylamide gel (Fig. 5 (A and B) , lane 2), implying that the molecular mass of the upper band is larger than that of the lower band. Second, proelastase is synthesized as a precursor containing a signal sequence of 16 amino acid residues at its N terminus (28) . To examine whether the signal sequence is cleaved in the lower band, we constructed a version of proelastase containing a FLAG tag just after the signal sequence of proelastase. We will call it FLAG-proelastase. Because anti-FLAG M1 antibody from Sigma recognizes a FLAG tag only when the FLAG tag is present exactly at the N terminus of a protein (29) , use of FLAG-proelastase and anti-FLAG M1 antibody may enable us to examine whether the signal sequence is processed in the lower band. For the analysis, we also used regular anti-FLAG M2 antibody, which recognizes a FLAG tag regardless of its position on a protein (unless otherwise stated, we used anti-FLAG M2 antibody as an antibody to FLAG). When we expressed FLAG-proelastase in HeLa cells, anti-FLAG M2 antibody recognized two bands at the position of monomeric FLAG-proelastase (ϳ28 kDa) (Fig. 5G, lane 2) , consistent with the data obtained with cells expressing proelastase-FLAG 3 (Fig. 5, A and B) . By contrast, anti-FLAG M1 antibody recognized the lower band but not the upper band (Fig. 5G, lane  4) , consistent with the lower band representing proelastase whose signal sequence was cleaved at the expected position. Hereafter, we will call the upper band "unprocessed proelastase" and the lower band "processed proelastase."
Interestingly, in addition to these monomer bands, we also observed smear bands that ran more slowly than the monomeric proelastase when we expressed proelastase in the absence of PDIp (Figs. 4D (lane 3) and 5A (lane 2) ). When the sample was reduced by DTT before electrophoresis, the majority of these bands were converted to its monomeric form (Figs. 4E (lane 3) and 5B (lane 2) ), indicating that proelastase formed disulfide-linked high-molecular mass aggregates when expressed alone in HeLa cells. Remarkably, however, co-expression of PDIp with proelastase resulted in the decreased accumulation of the aggregates within cells and the enhanced Physiological substrates of PDIp production of the processed monomeric form of proelastase within the cells (Figs. 4 (D and E, lanes 3 and 4) and 5 (A and B,  lanes 2-5) ) and in the medium fraction ( Fig. 5 (C and D) , lanes [2] [3] [4] [5] . Thus, PDIp prevented the formation of the aggregates of proelastase and promoted the production of the processed monomeric form of this protein. (lanes 1 and 3) or pTF016 (encoding FLAG-proelastase) (lanes 2 and 4) , grown in DMEM supplemented with 10% FBS for 24 h, harvested, alkylated with NEM, separated by SDS-PAGE, and analyzed by immunoblotting with either anti-FLAG M2 antibody (left) or anti-FLAG M1 antibody (right). The positions of unprocessed and processed forms of monomeric FLAG-proelastase are indicated on the right. A-D and G, each lane contains 5 g of proteins. The positions of molecular mass standards are indicated on the left in kDa. R, reduced; NR, nonreduced.
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We also examined the abilities of other typical PDI family members (PDI, P5, ERp57, and ERp46) (2, 3) to promote the production of the processed monomeric proelastase. For this purpose, we investigated the effects of overexpression of these PDI family members on the production of the processed monomeric proelastase in HeLa cells. To compare the expression levels of PDI family members expressed from plasmids, we fused a sequence encoding a c-Myc tag and the ER retention signal of PDIp (KEEL) at the C terminus of each PDI family member. Importantly, the levels of PDI, P5, ERp57, and ERp46 expressed from these plasmids were comparable with those of PDIp expressed from its plasmid (Fig. 5B, ␣-c-Myc) .
Interestingly, when overexpressed from a plasmid, PDI, like PDIp, prevented the formation of the aggregates of proelastase and promoted the production of the processed monomeric proelastase within cells (Fig. 5, A and B (lanes 2-6) and E). However, unlike PDIp, PDI failed to enhance the production of the monomeric proelastase in the medium fraction under the tested conditions (Fig. 5, C and D (lanes 2-6) and F), suggesting that PDI behaves differently from PDIp in the biosynthesis of proelastase.
We next examined the effect of overexpressing P5, ERp57, or ERp46 on the biosynthesis of proelastase. Even when overexpressed from plasmids, these three PDI family members neither prevented the formation of the aggregates of proelastase within HeLa cells (Fig. 5 (A and B) , lanes 2 and 7-9) nor promoted the production of the processed monomeric proelastase within cells (Fig. 5, A and B (lanes 2 and 7-9 ) and E) or in the medium fraction (Fig. 5, C and D (lanes 2 and 7-9 ) and F). Thus, PDIp is unique among the PDI family members tested in this experiment in that PDIp can both prevent the formation of aggregates of proelastase and enhance the production and secretion of the processed monomeric proelastase.
Role of PDIp in the production of active elastase
Pancreatic elastase is synthesized and stored as proelastase, an inactive proenzyme, in the pancreatic acinar cells. Following meal ingestion, proelastase is secreted into the lumen of duodenum and processed to active enzyme through cleavage of the pro-sequence region by trypsin in the lumen (25) . To further examine the role of PDIp in the production of active elastase, we partially purified proelastase from HeLa cells expressing proelastase-FLAG 3 using an antibody to FLAG, treated the purified protein with a small amount of trypsin, and subjected it to an elastase activity assay using a fluorogenic substrate (30) (Fig.  6A ). As expected, trypsin treatment resulted in an increase in elastase activity of the purified protein over the background (Fig. 6B) . Importantly, the co-expression of PDIp with proelas- 
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tase in the cells resulted in a significant increase in the elastase activity (Fig. 6B) . A similar increase in the elastase activity was also observed with the samples obtained from the medium fraction of the cells co-expressing PDIp with proelastase ( Fig. 6C) . Thus, PDIp promoted the production of proelastase that could be converted to the active enzyme upon treatment with trypsin.
Discussion
The ER of mammalian cells houses more than 20 PDI family members (2) . PDIp is a poorly characterized PDI family member highly expressed in the pancreas. It has been shown that this protein can bind and store estrogen (21) . However, it remained unclear whether this protein has physiological functions other than binding estrogen. To solve this question, we set out to identify the physiological substrates of this enzyme from a mouse tissue, utilizing the fact that PDI family members often form disulfide-linked complexes with their target proteins (15, 31) . Our analysis on the role of PDIp in the biosynthesis of one of the identified proteins led to a clue as to the physiological function of this enzyme.
A number of findings obtained in this work highlight physiological roles of PDIp. First, a number of exocrine digestive enzymes, but not endocrine hormones, were identified as putative disulfide-linked partners of PDIp from the pancreas in our MS analysis, implying that PDIp acts on digestive enzymes. Second, our immunoblotting analyses clearly showed that, in the pancreas, PDIp is localized in the exocrine cell fractions, but not in the endocrine cell fraction, suggesting that this protein acts on proteins in the pancreatic exocrine cells but not on proteins in the pancreatic endocrine cells. Third, PDIp and/or disulfidelinked complexes that involve PDIp were also found in the stomach and small intestine. As the latter organs also produce digestive enzymes (32) , this finding is consistent with our proposal that PDIp preferentially acts on digestive enzymes. Fourth, when pancreatic elastase was produced in the absence of PDIp in cultured cells, proelastase formed disulfide-linked aggregates within cells. Co-expression of PDIp, but not PDI, P5, ERp57, or ERp46, with the pancreatic elastase resulted both in a decrease in the amount of the aggregates and in a increase in the amount of the processed monomeric form of proelastase within cells and in medium fraction, indicating that PDIp is unique among the tested PDI family members in that this protein can prevent the formation of the aggregates of proelastase and enhance the production and secretion of the processed monomer. Finally, upon activation of proelastase with trypsin, both cell and medium fractions obtained from cells expressing proelastase in the presence of PDIp showed significantly higher elastase activities than those from cells expressing proelastase in the absence of PDIp, indicating that PDIp promoted the production of proelastase that could be readily converted to the active enzyme upon treatment with trypsin. Based on these findings, we propose that PDIp is a PDI family member dedicated to the production of exocrine digestive enzymes.
Importantly, overexpression of PDIp or PDI, but not that of P5, ERp57, or ERp46, prevented the formation of aggregates of proelastase, resulting in the accumulation of the processed monomeric form of proelastase within cells. However, unlike PDIp, PDI failed to promote the secretion of the processed monomeric form of proelastase into the medium. It has been reported that expression of PDI reduces insulin secretion (31) and induces the accumulation of proinsulin within pancreatic ␤-cells (33, 34) . Thus, PDI may sometimes act to retain secretory proteins within cells.
Interestingly, our MS analysis identified five of the PDI family members, including P4HB (PDI), PDIA6 (P5), and PDIA3 (ERp57) (2, 14) , as putative disulfide-linked partners of PDIp. They may be interacting directly with PDIp for exchange of electrons, as has been proposed for the interaction between several PDI family members (4, 15, 35, 36) . Alternatively, these enzymes may be acting on a substrate protein at the same time as PDIp, generating oligomers linked together via disulfide bonds. In addition, our MS analysis identified two of the PDIoxidizing enzymes, PRDX4 (Prx4) (37, 38) and ERO1LB (Ero1␤) (39, 40) , as possible disulfide-linked partners of PDIp. Thus, it may be possible that both Prx4 and Ero1␤ act as oxidizing enzymes of PDIp in vivo. Further studies are required to reveal the physiological meanings of these interactions.
Unexpectedly, fibrinogens were also identified by our MS analysis as possible interactors of PDIp. Recent results have established that secreted PDI is required for the coagulation that takes place in vitro and in vivo (11, 41, 42) . Thus, it may happen that PDIp plays some role in coagulation in the pancreas. Alternatively, PDIp may have interacted with fibrinogens artificially during sample preparation, as we have suggested under "Results."
Interestingly, in vitro studies have identified peptides that bind to PDIp (19, 43) . Mutating tyrosine and tryptophan residues or introducing an acidic residue next to these residues on the peptides resulted in loss of their ability to bind to PDIp (43) . These findings led to a model that tyrosine residues or tryptophan residues within the folding polypeptide trigger its binding to PDIp, except when adjacent to a negative charge (43) . Consistently, the proteins identified in our MS analysis commonly have the above motif on their amino acid sequences (Table S1 ). However, the residues with the same feature are also present in proteins, including LDL receptor (44) , that are expressed in a wide variety of mammalian tissues (Table S1 ). Thus, the presence or absence of these residues will not be the only feature that makes a substrate necessitate PDIp for its efficient folding.
Researchers have used redox-active site mutants of PDI family members to stabilize the disulfide-linked complexes between the enzymes and their substrates, allowing them to purify and identify the targets of these enzymes (4, 13, 16) . Previously, we reported that, by combining acid-quenching and free cysteine modification, it was possible to detect, purify, and identify the disulfide-linked partners of ERdj5 from the epididymis of mice (15) . The uniqueness of this approach is that the method does not require genetic engineering of mice for the identification of putative substrates of a PDI family member in a specific tissue. Here, we have shown that it is also possible to do so with PDIp from the pancreas. Thus, this approach seems applicable to a wider range of PDI family members and thereby will help define the roles of the enzymes at the animal or tissue level.
In conclusion, our findings suggest that PDIp is a PDI family member dedicated to the biosynthesis of digestive enzymes.
Physiological substrates of PDIp
However, it is still unknown why PDIp is suited as the catalyst of the biosynthesis of digestive enzymes. It may be possible that the folding pathways of the digestive enzymes share some common feature that requires the assistance of PDIp. Obviously, detailed biochemical and structural studies will be required to solve the question.
Experimental procedures
Preparation of mouse tissue lysates treated with NEM
Eight-week-old male C57BL/6j mice, purchased from CLEA Japan, were used to prepare tissue lysates. A tissue, dissected from the body of a mouse, was immediately disrupted in 1 ml of ice-cold 10% TCA using a homogenizer. After 20 min of incubation on ice, the proteins were collected by centrifugation and washed twice with ice-cold acetone to remove acid. The free cysteines in the proteins were then alkylated with NEM using NEM alkylation buffer (100 mM Tris-HCl (pH 6.8), 2% SDS, 50 mM NEM) supplemented with 10 g/ml pepstatin A, 10 g/ml benzamidine, and 1 mM phenylmethylsulfonyl fluoride essentially as described before (15) . All experimental protocols involving animals were approved by the Committee on Animal Research at Nara Institute of Science and Technology (NAIST) and were performed in accordance with the institutional guidelines of NAIST.
Isolation of the islets and acinar cells from mouse pancreas
To isolate the islets and acinar cells from the mouse pancreas, intraductal perfusion of the pancreas was performed using 3 ml of Hanks' balanced salt solution containing 1.5 mg/ml collagenase P (Roche Applied Science). The pancreas is then excised whole and subjected to further digestion with collagenase P at 37°C for 20 min. The perfused pancreas was subjected to centrifugation using Histopaque-1077 (Sigma-Aldrich) to obtain the acinar cells and a fraction containing the pancreatic islets. The islets were then isolated from the fraction by hand-picking under a dissecting microscope. The isolated cells were dissolved in Laemmli sample buffer and separated by SDS-PAGE under reducing conditions to detect PDIp by immunoblotting.
Plasmids
All of the primers used for plasmid construction are listed in Table S2 . Human cDNA clones for pancreatic elastase (ELA2A), and ERp46 (TXNDC5) were obtained from the Riken BioResource Research Center through the National Bio-Resource Project of MEXT/AMED, Japan (45) . Plasmids for PDIp-FLAG, PDI-FLAG, P5-FLAG, and ERp57-FLAG were kindly provided by Adrian Salic (Harvard Medical School). The expression vector pcDNA3.1 ϩ was purchased from Invitrogen. Plasmid pTF001 (encoding human PDIp on pcDNA3.1 ϩ ) was constructed by amplifying a region encoding PDIp from a plasmid encoding PDIp-FLAG using primers (PDIp-f and PDIp-r) and cloning it between the KpnI and XbaI sites of pcDNA3.1 ϩ . Plasmid pTF006 (encoding proelastase-FLAG 3 , human proelastase fused with a triple FLAG sequence on pcDNA3.1 ϩ ) was constructed by amplifying a region encoding human pancreatic elastase using primers (CELA2-f and CELA2-FLAG-r) and cloning it between the HindIII and BamHI sites of pcDNA3.1 ϩ .
To construct pTF007 (encoding proelastase on pcDNA3.1 ϩ ), the elastase gene was amplified using primers (CELA2-f and CELA2-r) and cloned into the HindIII and BamHI sites of pcDNA3.1 ϩ . Plasmid pTF016 (encoding FLAG-proelastase on pcDNA3.1 ϩ ) was constructed by assembling two fragments using the Gibson Assembly Cloning Kit (New England Biolabs). The fragments used were a 7.0-kb fragment amplified from pTF007 with primers pTF016-F and pTF016-R and a 80-bp fragment produced by annealing two primers (pTF016-INS-F and pTF016-INS-R). Plasmid pON101 (encoding PDIp-FLAG 3 on pcDNA3.1 ϩ ) was constructed by assembling two fragments using the Gibson Assembly Cloning Kit (New England Biolabs). The fragments used were a 7.0-kb fragment amplified from pTF001 with primers pON101-f1 and pON101-r1 and a 111-bp fragment amplified from pTF006 with primers pON101-f2 and pON101-r2. To construct pON103 encoding PDIp-c-Myc on pcDNA3.1 ϩ , two primers (BspEI-Myc-AgeI-F and BspEI-Myc-AgeI-R) were annealed, digested with BspEI and AgeI, and cloned into pON101. Plasmid pON104 (encoding PDI-c-Myc on pcDNA3.1 ϩ ) was constructed by amplifying a region encoding human PDI from a plasmid encoding PDI-FLAG using primers pON104-f1 and pON104-r1 and cloning it between the KpnI and BspEI sites of pON103. Plasmid pON105 (encoding ERp46-c-Myc on pcDNA3.1 ϩ ) was constructed by amplifying a region encoding human ERp46 from an ERp46 cDNA clone using primers pON105-f1 and pON105-r1 and cloning it between the KpnI and AgeI sites of pON103. Plasmid pON106 (encoding P5-c-Myc on pcDNA3.1 ϩ ) was constructed by amplifying a region encoding human P5 from a plasmid encoding P5-FLAG using primers pON106-f1 and pON106-r1 and cloning it between the HindIII and BspEI sites of pON103. Plasmid pON108 (encoding ERp57-c-Myc on pcDNA3.1 ϩ ) was constructed by amplifying a region encoding human ERp57 from a plasmid encoding ERp57-FLAG using primers pON108-f1 and pON108-r1 and cloning it between the KpnI and BspEI sites of pON103. All clones were verified by sequencing of the entire ORF.
Cell culture, transfection, and sample preparation
HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Nacalai Tesque) supplemented with 10% FBS at 37°C in 5% CO 2 air. Cells were transfected with plasmids using ViaFect TM (Promega). For the transfection, HeLa cells were plated onto a 6-well plate at 1.5 ϫ 10 5 cells/well, cultured for 24 h, and transfected with 1.2 g of pTF006 (encoding proelastase-FLAG 3 ) and 0.8 g of pTF001 (encoding PDIp), following the manufacturer's instructions. At 24 h after the transfection, cells were washed twice with PBS, treated with 10% TCA, and subjected to alkylation with NEM essentially as described above. To analyze the proteins in the medium fraction, we exchanged the medium to 1 ml of prewarmed, serumfree Opti-MEM I (Gibco) 20 h after transfection and continued the growth for another 4 h. The culture supernatant was subjected to brief centrifugation to remove any cell debris, treated directly with 10% TCA, and alkylated with NEM essentially as described above to obtain an NEM-treated medium fraction.
Physiological substrates of PDIp Antibodies
Rabbit antibody that recognizes both mouse and rat elastase (ab21593) and rabbit antibody that recognizes both mouse and human pancreatic ␣-amylase (ab21156) were purchased from Abcam. Goat antibody to chymotrypsin B of mouse, rat, and human origin (sc-16500), rabbit antibody to trypsins (trypsin-1, trypsin-2, trypsin-3, and trypsin-10) of mouse and rat origin (sc-67388), and mouse mAb to c-Myc (9E10) were purchased from Santa Cruz Biotechnology, Inc. Guinea pig polyclonal anti-insulin antibody (A0564) was purchased from Dako and has been described (31) . Mouse anti-FLAG M1 and M2 antibodies were purchased from Sigma-Aldrich. Mouse mAb to PDIp was obtained by the following procedure. Mice were immunized with the membrane fraction from unfertilized eggs of Xenopus laevis (46) . Hybridomas producing various antibodies were collected. We obtained one hybridoma, which secretes an mAb that recognized mammalian PDIp. The ascites fluid from a mouse inoculated with the hybridoma was used as the source of the antibody. Unless otherwise stated, the specificity of the antibodies used (except for the anti-FLAG M1 and M2 antibodies and anti-c-Myc (9E10) antibody) was characterized using mouse tissue lysates. Each of the antibodies recognized a protein(s) with the expected size and tissue distribution (see Fig. 2 and Fig. S2 ).
Immunoblotting
Proteins from NEM-treated tissue lysates or cell lysates were separated by 10 or 12% SDS-PAGE, blotted onto an Immobilon-P membrane (Millipore), incubated with a primary antibody and then with an appropriate secondary antibody, and detected with Clarity Western ECL Substrate (Bio-Rad) and the LAS-3000 mini (Fuji Film) or ChemiDoc Touch imaging system (Bio-Rad). For the visualization of a protein fused with a FLAG 3 or c-Myc sequence by immunoblotting, we used horseradish peroxidase-conjugated antibody to FLAG or c-Myc tag, respectively.
Immunoprecipitation of PDIp and mixed-disulfide complexes containing PDIp from mouse pancreas
Three hundred g of NEM-alkylated mouse pancreatic tissue lysate was diluted 10-fold with ice-cold IP buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40) and centrifuged at 15,000 ϫ g for 10 min at 4°C to obtain NEM-treated cleared pancreatic lysate. To purify PDIp and PDIp-containing disulfide-linked complexes from the cleared lysate, mouse anti-PDIp antibody was bound to Surebeads TM protein G magnetic beads (Bio-Rad), following the supplier's instructions. The resulting beads were incubated with the NEM-treated cleared pancreatic lysate (see above) for 3 h at 4°C. The immune complexes were collected by magnetization and washed at least four times with the same IP buffer. The immunoisolates were then released by incubating the sample at 37°C for 30 min with 2ϫ Laemmli sample buffer.
Identification of disulfide-linked partners of PDIp by mass spectrometry
One-third of the total purified proteins obtained using the above procedure were separated by 10% SDS-polyacrylamide gels, and the proteins that ran slower than the position of the monomeric form of PDIp were excised from the gel, digested with trypsin, and analyzed by LC/tandem MS (LTQ-Orbitrap Velos, Thermo Fisher Scientific). The MS/MS data file obtained was analyzed using the Mascot version 2.6 search engine (Matrix Science) against the NCBInr database (May 2015; 66,387,522 sequences) with Mus musculus as species restriction. The Mascot search results were accepted if a protein hit included at least three peptides with ion scores above the identity threshold (p Ͻ 0.05) and the sequence coverage of the protein was more than 10%. Affinity purification using conjugated antibodies often causes a portion of the conjugated antibodies to be released from the beads, resulting in their co-purification with the target proteins. Furthermore, biological samples are often contaminated with keratins from environment. We thus excluded Igs and keratins from the list of identified proteins. To identify the potential binding partners of PDIp, the same analysis was performed using normal mouse serum IgG as a negative control, and any proteins identified in the sample were excluded from the list of potential partners of PDIp.
Co-immunoprecipitation experiment
The NEM-treated pancreatic lysate was subjected to immunoprecipitation with the appropriate antibody or control serum as described above. The immunoprecipitates were incubated in the presence (reducing) or absence (nonreducing) of 100 mM DTT for 10 min prior to immunoblotting with appropriate antibody.
Preparation of NEM-alkylated sample for elastase activity assay
HeLa cells were plated in a 10-cm culture dish at 7.5 ϫ 10 5 cells, cultured for 24 h, and transfected with 6 g of pTF006 (encoding proelastase-FLAG 3 ) and 4 g of pTF001 (encoding PDIp) as described above. At 24 h after the transfection, the cell and medium fractions were prepared from the culture as follows. To prepare the medium fraction, the culture supernatant (10 ml) was centrifuged at 100 ϫ g for 5 min to remove any floating cells and/or debris, concentrated to 500 l by ultrafiltration using an Amicon Ultra-15 3k device, and incubated with 500 l of NEM alkylation cell lysis buffer (100 mM Tris-HCl (pH 8.0), 0.5% Triton X-100, 2 mM EDTA, 50 mM NEM) for 30 min at 37°C to obtain NEM-alkylated medium fraction. To prepare the cell fraction, cells after removal of the culture supernatant were washed twice with PBS, dissolved in 300 l of ice-cold NEM alkylation buffer (see above), and incubated for 30 min at 37°C to obtain NEM-alkylated cell fraction. Alkylation of the proteins in the cell and medium fractions with NEM was performed to prevent any disulfide rearrangements that could occur during sample preparation. The resulting NEM-alkylated samples were subjected to immunoisolation with anti-FLAG M2 magnetic beads (Sigma) to purify proelastase (expressed from pTF006 encoding proelastase-FLAG 3 ) (800 l). This purification step was required to remove any contaminants that could interfere with the activity of elastase. The purified proelastase was then activated with 50 l of immobilized tosylphenylalanyl chloromethyl ketone-treated trypsin (Thermo
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